The vector optical solitons composed of bright and dark pulses are analyzed. It is shown that in the smallamplitude limit a bound state of these solitons is described by the generalized Zakharov system, which supports coupled soliton solutions, and under special conditions it reduces to an integrable model. In the limit in which the integrable model approximation is valid, numerical simulations show rather stable bound states of bright and dark pulses as well as their almost elastic collision.
As is well known, short optical pulses may propagate in single-mode fibers without broadening in the form of bright or dark solitons for which the nonlinear refractive index exactly compensates for the group-velocity dispersion (GVD) (see, e.g., Ref. 1).
Bright solitons were verified in a number of elegant experiments (see, e.g., the references in Ref. 1) , but experimental studies of dark solitons were started only recently (see, e.g., Refs. 2-4 and the review paper by Kivshar 5 ). One of the important problems for various applications of soliton pulses is to analyze different types of interaction. Bright solitons described by the nonlinear Schr6dinger equation are two-parameter pulses, and their interaction depends on the relative phase, i.e., it may be either attractive or repulsive. 6 Interaction of two dark solitons is simpler, and they do not form bound states in a single-mode fiber. 7 ' 8 New effects arise when bright and dark solitons interact through cross-phase modulation (CPM) or intermode coupling. The CPM effect gives rise to a strong interaction between the soliton pulses, so that interaction between bright and black (fundamental dark soliton with zero intensity at its center) solitons is repulsive, and they cannot form a bound state. The latter case corresponds to the socalled standard (noninverted) situation in which two pulses propagate together under the usual conditions and interact through CPM. Nevertheless, in the so-called reverse case, in which a bright soliton is in the normal GVD region and a dark soliton is in the anomalous GVD region, the solitons may form a bound state as a symbiotic soliton' 0 "' that has a finite lifetime because of modulational instability of the background pulse." 2 Numerical experiments by Wang and Yang' 3 have shown that bright and dark pulses still may coexist as a rather stable bound state in the standard situation and that such a vector soliton can be easily generated by launching a sufficiently sharp bright pulse in the anomalous dispersion range together with a long pulse of the same speed in the normal dispersion range into a fiber. However, the dark pulse observed in Ref. 13 is not a proper dark soliton, because it has no phase jump, and it cannot exist without mutual support of the bright pulse. This Letter aims to give an analytical explanation of this new type of solitary waves in optical fibers and to support this analysis by numerical simulations of the soliton stability and interactions. In particular, I demonstrate that interaction of bright and (small-amplitude) dark pulses is described by an integrable system of two coupled equations (which is known in plasma physics), so that it can explain a rather good stability of these vector solitons in numerical simulations.
The interaction of two optical modes in a fiber is described by a system of two coupled nonlinear (2) where it has been assumed that the pulses are launched at equal group velocities but for different GVD regions so that all parameters in Eqs. (1) and (2) are assumed to be positive. The parameter odescribes the mode interaction effect; in the case of two-mode fiber or CPM, o-= 2, but for the mode coupling that is due to the birefringence effect, or = 2/3. As is well known, the case of oC = 1 and a = -yJ is exactly integrable (the so-called Manakov system').
Because the qii mode is at the normal GVD region and the q12 mode is at the anomalous GVD region, the cw solution, 4/1 = uo exp(i,3uo 2 z), 0 2 = 0, is modulationally stable. If we assume that a dark pulse may be excited on the cw carrier wave, it is convenient to apply small-amplitude asymptotic expansion to derive equations for the soliton dynamics (see, e.g., Refs. 16 and 17, where a similar approach was used to describe the effect of perturbations on dark-soliton dynamics). Let us look for solutions of Eqs. (1) and (2) in the form 1= (uo + a)exp(i,/u 6 2 z + is), (3) where the function a and derivatives of the phase 4 are assumed to be small. Substituting Eqs. Eqs. (1) and (2), I obtain the following system of coupled equations:
where I took into account only the linear terms in Eq. (4) Without the self-interaction term PT1 2 T in Eq. (6) and the dispersion term in Eq. (7), this system is well known in plasma physics as the Zakharov equations to describe properties of Langmuir solitons.' 8 Analogously to the Zakharov model, the system [Eqs. (6) and (7)] possesses two-parameter soliton solutions, which may be found, e.g., numerically. From Eqs. (6) and (7) it is clear that a dark pulse in the Ail mode is stabilized by the mutual support of the bright pulse in the 02 mode, and without the coupling any localized pulse described by Eq. (7) will show broadening owing to the dispersion effect. As a particular case, the system (6) and (7) supports the soliton solutions with a constant phase, 4 = const. and a = a(t), and I believe that such solutions are a small-amplitude limit of the solitary waves discovered earlier by means of a numerical approach.' 3 As was pointed out in Ref. 13 , the coupled solitary waves in which the dark-profile component has a zero intensity at its center may be formed only when the bright pulse is sufficiently sharp. This necessary condition may be seen from Eq. (6): For negative a and lal -u 0 , only largeintensity pulses with [TI 2 -2oUu 0 2 will make the effective nonlinearity positive to balance dispersion effects for a bright pulse.
In another particular case, I assume that the inverse velocity of a dark soliton is close to that of linear excitations, C 2 = 2a,3uo 2 , so that we may simplify Eqs. (6) and (7) to derive an integrable model. Indeed, introducing the new variables, 1r = e"/2(t -Cz), y = ez, and making the scaling, The system (9) and (10) is known to describe plasma Langmuir solitons moving near the speed of sound. 9 , 2 0 As has been shown by Yajima and Oikawa, 2 ' Eqs. (9) and (10) are an integrable model, and the inverse-scattering transform may be applied to analyze its soliton solutions. Therefore, from the viewpoint of the primary optical model, the smallamplitude limit of the vector solitons composed of bright and dark pulses has to show properties of an integrable model, i.e., it has to support undistorted propagation of solitons and structural stability.
To support the analytical predictions, numerical simulations of Eqs. (1) and (2) The initial conditions were taken to be bright and dark pulses interacting through CPM coupling, (11) where, for simplicity, I omit the phase dependences, which are quite standard. The model parameters were taken to be u 0 = 1, /3 = 1, y = a = 1, and o-= 2 (coupling through CPM). It has been observed that the vector soliton composed of bright and dark pulses is a rather stable object itself, even if a small change in a relative position of its components is introduced. However, because of nonintegrability of the full model of Eqs. (1) and (2), collisions of these solitons may be destructive. where e is a small-amplitude parameter, in the lowest order in e, we reduce Eqs. (6) and (7) to the following system: cally (see Fig. 1 ), and this behavior may be explained by the result presented above: For the smallamplitude limit the system (1) and (2) reduces to the integrable model (9) To investigate the pulse stability a time delay has been introduced into one of the pulse components (11), e.g., by setting 1P 2 (t,0)l = v/cosh(vt -A). For relatively small values of A, i.e., when A v-1, stable dynamical behavior of the vector soliton may be observed; however, the soliton amplitude is finally changed owing to loss of energy to radiation. Figure 2 shows one of the typical simulation results for v = 0.6 and A = 1, where, for comparison, the soliton propagation without an initial delay of the bright component is also presented on the same plot.
In conclusion, it has been shown that a coupled state of bright and dark solitons is possible in the form of a vector soliton. This state is stable at least in the small-amplitude limit, and it is described by the generalized Zakharov equations, which under special conditions reduce to an exactly integrable model. The structural stability of the vector solitons has been verified by numerical simulations of the primary model based on the system of two nonlinear Schr6dinger equations coupled through the CPM effect, and almost elastic collisions of the vector solitons have been observed under conditions in which the integrable reduction is valid.
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